Intra-annual density fluctuations (IADFs) in tree rings of Aleppo pine (Pinus halepensis) are considered to be among the most promising wood anatomical features in dendrochronological studies. They provide environmental information in addition to those obtained from tree-ring widths. We used a network of 35 sites in Spain, ranging from nearly desert to temperate climate. We analysed tree-ring series of 529 trees to study IADF frequencies, and their dependence on climatic factors and cambial age. The results showed that IADF frequency is age dependent, with its maximum at the cambial age of 27 years (evaluated at breast height). The frequencies varied across the network and at different sites we recorded that 0.3% to 33% of the analysed tree rings contained IADFs. They were more frequent where and when the temperatures were higher, summer drought was intense and autumn was the main precipitation season. IADF formation was particularly related to high minimum temperatures and wet conditions in late summer and autumn. These results suggest that IADF formation is not related to stressful conditions during summer but to favourable conditions during autumn. These conditions promote cambial reactivation and consequently formation of wider tree rings.
INTRODUCTION
The Aleppo pine (Pinus halepensis Mill.) is an important and widespread tree species in the Mediterranean and can grow under widely diverse climatic conditions (Barbéro et al. 1998; Richardson & Rundel 1998; De Micco et al. 2013 ) on a great variety of substrates and on poor soil. It is thermophilous and heliophilous, and tolerant to high temperatures and drought, but does not cope well with excessive humidity, frost and snow (Girard et al. 2012) . Due to its growth plasticity and adaptability to different site and climatic conditions, it is an important species to study the effect of climatic change on trees across the Mediterranean. In this area, the summer drought represents the main constraint for tree growth with great inter-annual variations in duration and intensity (Girard et al. 2012) . Climatic models predict progressive warming and reduction of precipitation (Christensen et al. 2007) which are expected to endanger the survival of trees, especially at more extreme sites (Alcamo et al. 2007) .
In this context, dendrochronology enables us to study past responses of trees to climate (Nicault et al. 2008 ) and helps us to predict future vegetation shifts in response to climatic change. Pinus halepensis has a typical conifer wood structure, containing resin canals and clearly distinguishable tree rings with earlywood (EW) and latewood (LW), and more or less gradual transition between them (Schweingruber 1988) . However, deviations from such normal structure are frequent and are characterised by abrupt changes in ring width, variable frequency of normal and of traumatic resin canals, and intra-annual density fluctuations (IADFs) (De Luis et al. 2007; Novak et al. 2011; Olivar et al. 2012) .
The combined approach of dendrochronology and quantitative wood anatomy has been also used to characterise IADFs in dated tree rings. Tree rings containing IADFs can be in some cases divided into different types, like the ones with latewood-like tracheids within the earlywood (E-rings), or with earlywood-like tracheids within the latewood (L-ring) (Campelo et al. 2007a) . A recent wood formation study in P. halepensis on an extremely dry site in Spain has shown that L-type IADFs are formed as a consequence of cambial reactivation in autumn after its stop or slowdown during hot and dry summers (De Luis et al. 2011b) . However, another recent study in P. halepensis of various sites in Spain has demonstrated that L-rings are much more frequent than E-rings (Novak et al. 2013) .
Dendrochronological studies of P. halepensis proved that IADFs provide valuable information of climate-growth relationship in addition to the information obtained from tree-ring widths (Novak et al. 2013) . This is in agreement with other reports on the high importance of density, wood structural features, and cell dimensions in dendrochronology and ecological studies (Battipaglia et al. 2010 Fonti et al. 2010; MartinBenito et al. 2013; Campelo et al. 2013; Panayotov et al. 2013) . However, the information obtained from IADFs may greatly vary depending on site conditions, population structure and inter-annual as well as intra-annual variability in environmental conditions of the sites (Novak et al. 2013) . As a consequence, our knowledge of the main climatic factors promoting IADFs across different environmental conditions is still deficient.
The main purpose of this study was to use a dense and diverse dendroclimatic network in Spain to establish the frequency variation of IADFs in P. halepensis, and to determine the climatic factors which promote IADF formation, as well as whether the processes are age dependent.
MATERIAL AND METHoDS

sampling sites and climatic conditions
The study was carried out in the Mediterranean area in Spain, at 35 different sites with different climatic conditions ( Fig. 1; Table 1 ). Mean annual temperatures on the sites ranged from 10.9°C (the coldest site) to 18.3°C (the warmest site) and mean annual precipitation from 243 mm (the driest site) to 1181 mm (the wettest site). The distribution of total precipitation is from 6 to 22 % in summer and from 27 to 44% in autumn.
Sampling was conducted on mature, apparently healthy Aleppo pine (Pinus halepensis Mill.) trees, without any visible damage. We selected 9 to 33 trees per site and extracted 1 to 8 cores per tree at breast height, altogether 1054 samples from 529 trees in total were studied.
The cores were then labelled, fixed on wooden supports, air-dried and sanded with progressively finer grades of sandpaper (80, 180, 300, 500 grit) until the tree-ring structure was clearly visible under the stereo microscope.
Tree-ring measurements and standardisation procedures
The tree-ring series were visually and statistically crossdated and compared between each other by calculating the t-value after Baillie and Pilcher (1973) using the TSAPWin Scientific program (version 4.68e) . Additionally the quality of crossdating was verified using the CoFECHA program -version 6.06P (Holmes 1994) .
The tree-ring widths (TRW) were measured under a stereo microscope with an accuracy of 0.01 mm, with the TSAP-Win Scientific program and LINTAB TM 5 , mean minimal annual temperatures (T min ), mean annual precipitation (P) and seasonal distribution of precipitation in winter (% winter P), spring (% spring P), summer (% summer P) and autumn (% autumn P).
← measuring device (RINNTECH e.K., Hardtstrasse 20-22, D-69124 Heidelberg, Germany, www.rinntech.com).
Quantitative wood anatomy was used to characterise intra-annual density fluctuations (IADFs) in dated tree rings. We analysed 81,238 tree rings with a stereo microscope. Since in many cases it was not possible to objectively differentiate between different IADF types, we only classified their presence in the tree rings. We assigned the value 1 if the IADF was present in the individually dated tree rings, and the value 0 if it was not observed (Fig. 2) . only one person completed the classification, in order to obtain comparable results. Raw series of TRW and of IADF frequencies were calculated individually for each of the 529 analysed trees using the arithmetic mean of the available samples.
To study age-related growth trends, the raw series of IADF frequencies were aligned by biological cambial age observed at breast height considering pith-offset estimations, and averaged for each age using the arithmetic means. Then, a three-parameter Weibull function (Equation 1) was employed to explore the relationship between the cambial age and the average IADF frequency observed for each age.
Equation 1 Where IADF (f) is the observed frequency of tree-rings containing IADF, Age is the cambial age observed at breast height of the trees and a, b and c are fitting parameters.
The resulting Weibull equation was later used as a regional curve for detrending purposes (Briffa et al. 1992; Esper et al. 2003) . Thus, for each individual tree, the standardised frequency series of IADFs (IADF (Std f) ) were calculated as the difference between the observed and the predicted IADF(f).
The arithmetic means of IADF (Std f) series, which are age independent, were then calculated for each study site to describe spatial variations in the occurrence of IADFs across the network.
The climate-iaDF relationship
Monthly values of total precipitation, average maximum and minimum temperature collected at each site in the period from 1950 to 2007 were obtained from Spain02 database (Herrera et al. 2012) .
The information from 27,430 tree rings for which the climatic data were available was used to identify the climatic conditions that promote and trigger the formation of IADFs.
For each analysed tree ring, we calculated different climatic parameters (maximal temperatures, minimal temperatures and total precipitation) for months between September of the previous year to November of the current year and for the climatic seasons: winter (December, January, February), spring (March, April, May), summer (June, July, August) and autumn (September, october, November). For each analysed climatic parameter we divided the observed range of values into the percentiles. Then, for each percentile class, we calculated the average of the standardised IADF frequencies (IADF (Std f) ) as observed in individual tree rings. Pearson's Product Moment Correlation Coefficient was used to measure strength of association between the average of the IADF (Std f) and the average value of the percentile class.
Differences in widths between the tree rings containing iaDFs and those without iaDFs
For each set of site/year conditions, the ratio between the average ring width calculated for the tree rings containing IADFs and the average ring width calculated for tree rings without IADFs was computed. Then, for each study site, we applied a T-test between the obtained series of ratios in order to establish the differences in ring width between tree rings containing IADFs and tree rings without IADFs.
RESULTS
Tree-ring network and effect of age on iaDF frequency
The established tree-ring network consists of 529 tree-ring series of Pinus halepensis from 35 sites in Spain. The average length of tree-ring series is 81 years, ranging from 24 to 215 years. of the 81,238 analysed tree rings, 6,937 (8.54%) showed IADFs. The frequency of IADFs varied with cambial age and reached its maximum of 10.5% at the cambial age at breast height of 27 years. With the three-parameter Weibull function we confirmed that IADF frequency depends on cambial age (r 2 = 0.874; p < 0.01) as shown in Figure 3 . (Fig. 4; Table 2 ). The lowest frequency of 0.3% (IADF (Std f) = -0.09) was observed in Ayerbe, close to the Pyrenees, at an altitude of 924 m; the highest frequency of 33 % (IADF (Std f) = 0.24) was observed in Javea on the Mediterranean coast, at an altitude of 96 m. The occurrence of IADFs is generally more frequent on the sites near the coast and on the Balearic Islands (Mallorca). IADFs are generally less frequent in the inland, in the mountains and especially on the northern part of the distribution range of P. halepensis. 
The climate -iaDF relationship
Analysis of spatio-temporal variations of IADFs showed that they are more frequent at the sites and in years with warm climatic conditions, especially in terms of minimal temperatures, and where/when autumn is the main precipitation season (Fig. 5 & 6 ). Hot and dry summers were hypothesised to be the most prominent and stressful climatic element promoting IADF formation. Interestingly, the IADFs are not related to summer conditions in terms of maximal summer temperatures and total amount of precipitation ( Fig. 7 & 8) ; they are strongly related to autumn conditions. Higher minimum temperatures and higher precipitation in autumn, especially in September have proved to be the most critical climatic elements promoting IADF formation. This suggests that favourable conditions for cambial production -which are probably related to its reactivation after summer drought -may trigger IADF formation.
Differences between the widths of tree rings containing iaDFs and the widths of tree rings without iaDFs
Generally, IADFs occur in wider tree rings; the tree rings containing IADFs are on average 1.42 times wider than those without IADFs (Table 2 ). Statistical differences between the widths of the tree rings containing IADFs and the widths of tree rings without IADFs were found in 23 of the 35 analysed sites (p < 0.05). Higher differences were observed for the Balearic sites (Island of Mallorca) and coastal areas. For 12 of the sites analysed, mainly inland, no differences in tree ring widths were found (Fig. 9) .
DISCUSSION
The study of anatomical features of wood represents a promising approach for a better interpretation of the influence of seasonal climate on tree rings (Fonti et al. 2010; von Arx et al. 2013; Wegner et al. 2013) . IADFs in tree rings can be used as a key intraannual feature, because of their relation to climatic variability and change, and their occurrence in numerous species growing in different environmental conditions, e.g. Pinus halepensis (De Luis et al. 2011a; Olivar et al. 2012) , Pinus pinea (Campelo et al. 2007a) , Pinus pinaster (De Micco et al. 2007; Vieira et al. 2009; Rozas et al. 2011; Campelo et al. 2013) , Arbutus unedo (Battipaglia et al. 2010 De Micco et al. 2012) , Quercus ilex (Campelo et al. 2007b) , Juniperus virginiana (Edmondson 2010) , Pinus banksiana (Copenheaver et al. 2006; Hoffer & Tardif 2009) , Pinus sylvestris (Rigling et al. 2001; Panayotov et al. 2013) , Pinus elliottii var. densa (Harley et al. 2012) , Picea abies (Zubizarreta-Gerendiain et al. 2012) , or Pseudotsuga menziesii (Martinez-Meier et al. 2008) .
In addition, the climatic information that can be obtained from IADFs is complementary to the climatic signals obtained from tree-ring widths (Novak et al. 2013) , and the occurrence of IADFs is connected with intra-annual dynamics of wood formation (De Luis et al. 2007 , 2011b .
The study of IADFs in wood has a great potential, but there are still problems in their analysis. First, different studies use different classifications for IADFs (E-rings, L-rings, early-IADF, mid-IADF, late-IADF), depending on the position of IADFs within the tree ring. The type and position of IADF is normally visually determined by examining the tree rings under a stereomicroscope, and IADFs are dated and assigned to earlywood or latewood subjectively (Rigling et al. 2001; Campelo et al. 2007a; Battipaglia et al. 2010; De Micco et al. 2012) . In our previous research of P. halepensis growing in contrasted environmental conditions, we found that a pre-cise classification of IADFs, despite being subjective, can be performed (Novak et al. 2013) .
However, at transitional sites which were included in the present study, such classification is even more subjective. This is the main reason that in this study of trees from a great variety of sites we adopted a more conservative approach of just classifying the presence or absence of IADFs in the tree rings.
In addition, IADF frequencies (as well as other biological parameters like tree-ring widths) are known to be age/size dependent, which has been previously demonstrated by comparing the frequencies in the trees of different ages/sizes (De Luis et al. 2009; Vieira et al. 2009; Campelo et al. 2013) . However, it has yet to be established whether this relation is linear or not. In the presented dendrochronological network of P. halepensis in Spain we demonstrated that the relationship between IADF frequency and age exists. The IADF frequency, observed in samples taken at breast height, increases with cambial age for the first 27 years and then decreases. We explained the effect of the age with a three-parameter Weibull function, which proved to be a useful tool for a description of the effect of age on IADF frequency, and as a model for detrending and interpretation of the effects of climate on IADF formation. We propose to use and test this model in other species and environmental conditions. our approach also shows limitations related to tree age, which was determined on the samples extracted from the trees at breast height, and does not represent exact tree age. It is difficult to resolve this problem, because the majority of dendrochronological studies are based on samples extracted at breast height. In future studies it would be interesting to contrast different effects, like tree height, tree size, and age, to improve the Weibull model as a detrending tool.
Comparison of IADF frequency and climatic influences across the distribution of the species is difficult due to differences in population structure (age). In this context, the Weibull detrending model, as a common procedure used across the network, represents an important advance in making the sites comparable. Our study demonstrated that IADF frequency varies across the geographical distribution of P. halepensis, and that the occurrence of IADFs is distributed across a clear geographical/environmental gradient. IADFs are more frequent at sites and in the years with warm climatic conditions, and where/when autumn is the main precipitation season (mainly at coastal sites). In contrast, in colder and dryer conditions in autumn, IADFs are scarce (inland or on high elevated sites).
The studies relating IADFs and climate are mainly based on information from local sites and there are few studies reporting how climatic influences vary across environmental gradients (Campelo et al. 2007a; Battipaglia et al. 2010; Olivar et al. 2012; Cherubini et al. 2013; Mamet & Kershaw 2013; Novak et al. 2013 ). In the current study we used combined spatial and temporal variations in IADF frequency across a wide geographical range including a wide environmental gradient in a single analysis. From the statistical point of view, the methodology is quite simple and we propose that it should be tested in other species and /or environmental conditions. In our analysis we found, contrary to expectations and variations described for other species, that summer conditions (especially maximal and minimal temperatures, as well as precipitation) did not explain spatial and temporal variations of IADF frequency (Copenheaver et al. 2010; Olivar et al. 2012; Zubizarreta-Gerendiain et al. 2012; Campelo et al. 2013) . our results are partly in agreement with the results of Vieira et al. (2010) who found that IADF frequency in latewood of Pinus pinaster was positively related to autumn precipitation, and with Campelo et al. (2007a) , who observed the same in Pinus pinea. It should also be noted that P. halepensis in Spain predominately shows L-type IADFs with earlywood-like cells in latewood which are formed after reactivation of cambium in autumn (De Luis et al. 2011b; Novak et al. 2013) .
In our study, occurrence of IADFs proved to be related to suitable conditions for growth in autumn with mild temperatures (mainly minimum temperatures) and suitable wetness. The results are in agreement with our previous studies, which have demonstrated that IADF frequencies in adult (De Luis et al. 2011b ) and juvenile trees of P. halepensis (De Luis et al. 2011a ) are related to cambial reactivation after summer. According to this interpretation, IADF frequencies are not directly related to summer stress, but to favourable conditions in autumn, which promote cambial reactivation.
our results also demonstrate that tree rings containing IADFs are wider than those without IADFs. This is in line with the former interpretation since the reactivation in autumn permits the trees to complete a second period of radial growth. Campelo et al. (2013) and Copenheaver et al. (2006) also report that tree rings with IADFs are wider, which suggests that IADF formation is related to favourable growing conditions. In contrast, Bogino and Bravo (2009) have shown radial growth of Pinus pinaster subsp. mesogeensis to be negatively correlated with the presence of IADFs. A possible explanation could be that P. halepensis is an extraordinarily plastic species, able of reactivation after summer if the conditions are favourable. Other species perhaps do not have such a plastic character and thus no reactivation. In addition, the predominant environmental conditions in our study areas (Western Mediterranean) are quite special within the Mediterranean area, and are characterised by regularly abundant autumn precipitation. It should be interesting to explore whether P. halepensis growing in the Eastern Mediterranean, where the precipitation is mainly restricted to winter, also presents the same growth pattern, a similar frequency of IADFs in the wood and a similar response to climatic factors promoting their formation.
CONCLUSIONS
IADF frequency in Pinus halepensis proved to be age dependent and showed an asymmetric bell-shaped distribution with its maximum at the cambial age of 27 years at breast height.
The effect of age on IADF frequency can be explained with a three-parameter Weibull function, which proved to be a useful tool, both for description as well as a model for detrending and interpretation of the effects of climate on IADF formation.
IADF frequency varies across the geographical distribution of P. halepensis, with a clear geographical/environmental gradient. IADFs are more frequent at the sites and in the years with warm climatic conditions, and where/when autumn is the main precipitation season (coastal sites). In contrast, under colder and dryer conditions in autumn, the presence of IADFs is scarce (inland or high elevated sites).
Spatio-temporal analysis revealed that IADF formation is strongly related to warm conditions (especially with minimum temperatures) in summer, dry conditions in late spring and summer, and wet conditions in late summer and autumn. This indicates that IADF formation is not related to stressful conditions during summer, but to favourable conditions during autumn which promote cambial reactivation.
These results suggest that IADF formation indicates plasticity of P. halepensis and its ability to resume cambial activity after summer drought.
our results also show that tree rings containing IADFs are wider than those without IADFs, suggesting that IADF formation is not related to stressful but rather to favourable climatic conditions.
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